Innate immunity is our first defense against microbial infection. It is mediated primarily by white blood cells such as macrophages and neutrophils that detect the presence of pathogens, phagocytose them, and mount an inflammatory and microbicidal defense appropriate to the invading organism. 1 The innate immune system uses germ line encoded receptors to recognize conserved motifs on pathogens that are not found in higher eukaryotes. These motifs (pathogen associated molecular patterns, or PAMPs) have essential roles in the biology of the invading agents, and they are, therefore, not subject to high mutation rates. 2 Well-characterized PAMPs include bacterial products such as lipopolysaccharide, lipoteichoic acids, formylated peptides, and peptidoglycans. 2 The growing family of Toll-like receptors (TLRs) has recently emerged as key mediators of PAMP detection. 3-5 TLR4 and TLR2 have been shown to discriminate between pathogens; TLR4 is required for detection of Gram-negative bacteria and LPS, and TLR2 is required for detection of Gram-positive bacteria and their products, yeast cell walls, and Mycobacteria. [6] [7] [8] [9] [10] [11] [12] It has not been clear how TLR2 alone could mediate the detection of such a diverse range of PAMPs. We have recently observed that TLR6 co-operates with TLR2 in the recognition of a number of ligands including peptidoglycan, 13 leading to the hypothesis that the broad repertoire of PAMPs detected by TLRs is a consequence of a combinatorial repertoire that may be formed by pairing between members of a family of 10 TLRs. In order to directly examine whether aggregation of TLR2 and TLR6 activated cytokine production in macrophages, we generated chimeras in which the extracellular region of CD4 replaced the extracellular domains of TLR2, TLR4 or TLR6. The extracellular domain of CD4 is known to promote homodimerization, 14 and chimeras composed of the extracellular domain of CD4 with the transmembrane and intracellular region of TLR4 are constitutively active. 9, 15, 16 As reported previously, 16 CD4-TLR4 spontaneously induced TNF-α production in macrophages. Despite the high degree of homology of the Toll/IL-1 receptor homology signaling domains (TIRs) found in TLR2, Toll-like receptors (TLRs) mediate detection of a broad range of pathogens and pathogen-derived products including LPS, peptidoglycan, bacterial lipopeptides, and lipoteichoic acid. Recent evidence indicates that the broad specificity of TLRs may be a consequence of the interactions between different TLRs. In this report, we demonstrate that while a constitutively active TLR4 homodimer can induce the production of pro-inflammatory cytokines, homodimers of TLR2 and TLR6 cannot. However, when co-expressed in the same cell, constitutively active TLR2 and TLR6 strongly induce cytokine production, indicating that these TLRs require partners to productively signal. Since TLR4 signals as a homodimer, while TLR2 and TLR6 do not, it is clear that, despite the conservation of their cytoplasmic signaling domains, the mechanisms by which they initiate signaling are different. We have localized the region of TLR4 that mediates its ability to signal as a homodimer to the membrane-proximal half of the cytoplasmic tail of the receptor.
INTRODUCTION
Innate immunity is our first defense against microbial infection. It is mediated primarily by white blood cells such as macrophages and neutrophils that detect the presence of pathogens, phagocytose them, and mount an inflammatory and microbicidal defense appropriate to the invading organism. 1 The innate immune system uses germ line encoded receptors to recognize conserved motifs on pathogens that are not found in higher eukaryotes. These motifs (pathogen associated molecular patterns, or PAMPs) have essential roles in the biology of the invading agents, and they are, therefore, not subject to high mutation rates. 2 Well-characterized PAMPs include bacterial products such as lipopolysaccharide, lipoteichoic acids, formylated peptides, and peptidoglycans. 2 The growing family of Toll-like receptors (TLRs) has recently emerged as key mediators of PAMP detection. [3] [4] [5] TLR4 and TLR2 have been shown to discriminate between pathogens; TLR4 is required for detection of Gram-negative bacteria and LPS, and TLR2 is required for detection of Gram-positive bacteria and their products, yeast cell walls, and Mycobacteria. [6] [7] [8] [9] [10] [11] [12] It has not been clear how TLR2 alone could mediate the detection of such a diverse range of PAMPs. We have recently observed that TLR6 co-operates with TLR2 in the recognition of a number of ligands including peptidoglycan, 13 leading to the hypothesis that the broad repertoire of PAMPs detected by TLRs is a consequence of a combinatorial repertoire that may be formed by pairing between members of a family of 10 TLRs. In order to directly examine whether aggregation of TLR2 and TLR6 activated cytokine production in macrophages, we generated chimeras in which the extracellular region of CD4 replaced the extracellular domains of TLR2, TLR4 or TLR6. The extracellular domain of CD4 is known to promote homodimerization, 14 and chimeras composed of the extracellular domain of CD4 with the transmembrane and intracellular region of TLR4 are constitutively active. 9, 15, 16 As reported previously, 16 CD4-TLR4 spontaneously induced TNF-α production in macrophages. Despite the high degree of homology of the Toll/IL-1 receptor homology signaling domains (TIRs) found in TLR2, Toll-like receptors (TLRs) mediate detection of a broad range of pathogens and pathogen-derived products including LPS, peptidoglycan, bacterial lipopeptides, and lipoteichoic acid. Recent evidence indicates that the broad specificity of TLRs may be a consequence of the interactions between different TLRs. In this report, we demonstrate that while a constitutively active TLR4 homodimer can induce the production of pro-inflammatory cytokines, homodimers of TLR2 and TLR6 cannot. However, when co-expressed in the same cell, constitutively active TLR2 and TLR6 strongly induce cytokine production, indicating that these TLRs require partners to productively signal. Since TLR4 signals as a homodimer, while TLR2 and TLR6 do not, it is clear that, despite the conservation of their cytoplasmic signaling domains, the mechanisms by which they initiate signaling are different. We have localized the region of TLR4 that mediates its ability to signal as a homodimer to the membrane-proximal half of the cytoplasmic tail of the receptor. TLR4, and TLR6, neither CD4-TLR2 nor CD4-TLR6 induced TNF-α production. 13 Importantly, when CD4-TLR2 and CD4-TLR6 were co-expressed, TNF-α production was induced to a similar level as with CD4-TLR4. In this manuscript, we have extended these findings to include induction of IL-12, and NF-κB activation in macrophages and CHO cells. Further, we have identified the membrane-proximal half of the signaling domain of TLR4 as the region responsible for its ability to induce pro-inflammatory signaling as a homodimer.
MATERIALS AND METHODS

Reagents
Unless stated otherwise, all reagents were from Sigma. The mouse macrophage cell line, RAW264.7, and CHO-K1 cells were from ATCC (ATCC# TIB-71 and ATCC# CRL-9618, respectively).
DNA expression vectors
The expression vectors for CD4-TLR2, CD4-TLR4, and CD4-TLR6 are described elsewhere. 13 These vectors direct expression of the extracellular domain of murine CD4 (amino acids 1-391) fused to the transmembrane and cytoplasmic domains of the indicated Toll-like receptors (amino acids 590-784 of mTLR2, 628-835 of mTLR4, and 598-806 of mTLR6). The CD4-TLR4/2 and CD4-TLR2/4 chimeric expression vectors were generated by PCR and include amino acids 628-728 of TLR4 fused to amino acids 697-784 of TLR2 (TLR4/2) and amino acids 590-696 of TLR2 fused to amino acids 729-835 of TLR4 (TLR2/4). The constructs were confirmed by sequencing.
The ELAM-1 firefly luciferase reporter has been previously described. 6, 17 The mIL-12 firefly luciferase reporter was generated by amplifying the region of the mouse IL-12 p40 promoter 18 from -349 to +56 relative to the start of transcription that was cloned into the luciferase-encoding vector, pGL2 (Promega).
Transfection RAW264.7 and CHO-K1 cells were transfected using a previously described method. 6 Briefly, 5 x 10 6 cells in 0.2 ml of culture medium were mixed together with 10 µg of DNA in 50 µl phosphate buffered saline in a 0.4 cm gap electroporation cuvette (BioRad). The cells were electroporated in a Gene Pulser apparatus (BioRad) set at 960 µFd and 280 V (RAW cells) or 260 V (CHO-K1 cells) and transferred to 5 ml of fresh medium. The cells were pelleted, resuspended in fresh medium, and transferred to 6 wells of a 24-well tissue culture plate. After allowing 2 h for the cells to adhere to the plate, the medium was changed, and experiments were performed 24 h after transfection.
Detection of intracellular TNF-α RAW264.7 cells transiently transfected with the indicated expression vectors were incubated for 4 h in the presence of 5 µg/ml brefeldin A to accumulate intracellular TNF-α. After blocking Fc-receptors with 2.4G2 hybridoma supernatant, the cells were fixed with 4% paraformaldehyde in PBS, and permeabilized and stained with phycoerythrin-conjugated anti-mouse TNFα (Pharmingen) and FITC-conjugated anti-mouse CD4 (Pharmingen) diluted in 1% fetal calf serum and 0.1% saponin in PBS. After two washes, the cells were analyzed by flow cytometry using a FACScan (Beckton Dickinson) and WinMDI software (Joseph Trotter, Scripps). All data presented are representative of at least three independent experiments.
Luciferase assays
RAW264.7 or CHO-K1 cells were transiently transfected as described above with 10 µg of mIL-12-or ELAMluciferase reporters together with 0.2 µg of TK-RL (Promega) and 2 µg of the indicated CD4-TLR expression vectors or the parental expression vector pEF6-V5/HIS (Invitrogen) as a control. Luciferase activity was measured 24 h after transfection. Luciferase activity was measured using the Dual-Luciferase Reporter Assay System (Promega) according the manufacturer's instructions. Firefly luciferase activity was normalized to Renilla luciferase activity, and background reporter activity was subtracted. All data shown are averages of at least duplicate samples and are representative of at least three independent experiments.
RESULTS AND DISCUSSION
RAW264.7 mouse macrophages were transiently transfected with an expression vector directing production of a chimeric receptor consisting of the extracellular domain of murine CD4 fused to the transmembrane and intracellular domain of murine TLR4, and stimulation of TNF-α production was measured by flow cytometry (Fig.  1A) . Cells expressing high levels of the chimeric receptor strongly produced TNF-α, consistent with the capacity of CD4 (and thus TLR4 TIR domains) to form homodimers when expressed at sufficiently high levels. Cells not expressing the chimeric receptor produced no TNF-α. Interestingly, neither CD4-TLR2 nor CD4-TLR6 alone stimulated TNF-α production despite being expressed at levels as high or higher than the CD4-TLR4 receptor (Fig.  1A) . TNF-α production was strongly induced when RAW264.7 cells were co-transfected with CD4-TLR2 and CD4-TLR6 expression vectors.
It is possible that the difference in the mechanism of signaling by TLR4 and TLR2+6 applies specifically to TNF-α protein production, and that for other responses, TLR2 and TLR6 may be capable of signaling independently. We, therefore, examined the capacity of the CD4-TLR chimeras to induce another cytokine, IL-12, using an IL-12 p40 promoter driving luciferase production. RAW264.7 cells transiently expressing the CD4-TLR4 chimeric receptor strongly induced the IL-12 reporter (Fig. 1B) . In contrast, neither CD4-TLR2 nor CD4-TLR6 expression alone induced the reporter (Fig. 1B) . When coexpressed, CD4-TLR2 and CD4-TLR6 induced the IL-12 reporter to the same extent as CD4-TLR4, indicating that the difference in signaling mechanism between TLR4 and TLR2+6 is not restricted to TNF-α induction.
A powerful tool for analyzing the role of individual TLRs in recognition of specific ligands has been the ability to reconstitute detection by expressing different TLRs in Chinese hamster ovary cells (CHO). 11, 12, 19, 20 Golenbock and co-workers demonstrated that Chinese hamsters harbor a mutation in TLR2, assuring that CHO cells are TLR2 negative and are thus a good model for reconstitution of TLR2-dependent signaling. 20 To determine whether TLR association is required for functional signaling in CHO cells as it is in RAW264.7 macrophages, we transiently expressed our CD4-TLR chimeric receptors in CHO cells together with an ELAM-luciferase reporter plasmid that is stimulated by activation of NF-κB. 17 The constitutively active form of TLR4 strongly induced NF-κB, while CD4-TLR2 and CD4-TLR6 had minimal activity alone (Fig. 2) . When co-expressed, CD4-TLR2 and CD4-TLR6 activated the NF-κB reporter to levels similar to CD4-TLR4 (Fig. 2) . The data indicate that the requirement for TLR pairing also is true in CHO cells, as observed in the macrophage cell line.
Although the cytoplasmic TIR domains of TLR2, TLR4, and TLR6 are highly homologous, the observation that TLR4 can signal as a homodimer, while TLR2 and TLR6 require partners to signal productively suggests that these domains are not functionally equivalent. To determine if the ability of TLR4 to signal as a homodimer could be attributed to a particular domain of the cytoplasmic tail, we generated a receptor in which the transmembrane and membrane proximal half of the chimeric CD4-TLR2 receptor was replaced with the homologous region of TLR4 (CD4-TLR4/2). When expressed in RAW264.7 macrophages, this receptor stimulated the IL-12 promoter just as CD4-TLR4 did (Fig. 3) . The inverse receptor (CD4-TLR2/4) in which the transmembrane and membrane proximal half of the chimeric CD4-TLR4 receptor was replaced with the homologous region of TLR2 was unable to stimulate IL-12 promoter activity ( Fig. 3) . Thus, the membrane-proximal half of the TLR4 cytoplasmic tail contains all the information lacking in Co-operative induction of pro-inflammatory signaling by Toll-like receptors 395 B A Fig. 1 . TLR2 and TLR6 co-operate to induce pro-inflammatory signals, while TLR4 functions alone. (A) TNF-α production was measured in RAW264.7 cells transiently expressing the indicated constitutively active chimeric CD4-TLR proteins. Increasing expression of CD4-TLR4 resulted in increasing production of TNF-α. Neither TLR2 nor TLR6 alone induced TNF-α, while together they did. (B) RAW264.7 cells were transiently transfected with expression vectors for the indicated CD4-TLR proteins together with an IL-12 luciferase reporter. CD4-TLR4 alone induced luciferase activity, while CD4-TLR2 and CD4-TLR6 needed to be co-expressed to induce the reporter. TLR2 that is necessary to allow TLR4 to signal as a homodimer.
In summary, the data show that in order to generate functional pro-inflammatory signals, TLR4 can work as a homodimer, while neither TLR2 nor TLR6, alone, are capable of signaling. When activated together, TLR2 and TLR6 stimulate NF-κB activation and cytokine production, demonstrating that some TLRs require partners to signal. The conclusion that the TIR domains of TLR2, TLR4, and TLR6 are not functionally equivalent and have different mechanisms of activating signal transduction provides a molecular basis for understanding how the outcomes of signaling by different TLR receptor combinations may be different. Fig. 3 . The membrane proximal half of the TLR4 cytoplasmic tail is responsible for its capacity to signal as a homodimer. RAW264.7 cells were transiently transfected with the indicated CD4-TLR constructs together with an IL-12 luciferase reporter plasmid. As noted in Figure 1 , CD4-TLR4 alone induced IL-12 reporter activity, while expression of CD4-TLR2 did not. Expression of chimeric proteins in which the membrane-proximal and membrane-distal halves of the TLR2 and TLR4 signaling domains were swapped revealed that the membrane-proximal (CD4-TLR4/2 chimera) portion of TLR4 was responsible for induction of signaling.
